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ABSTRACT This paper presents a quantum lightning search algorithm (QLSA) -based optimization
technique for controlling speed of the induction motor (IM) drive. The developed QLSA is implemented
in fuzzy logic controller to generate suitable input and output fuzzy membership function for IM drive speed
controller. The main objective of this paper is to develop QLSA-based fuzzy (QLSAF) speed controller
to minimise the mean absolute error in order to improve the performance of the IM drive with changes
in speed and mechanical load. The QLSAF-based speed controller is implemented in simulation model in
the MATLAB/Simulink environment and the prototype is fabricated and experimentally tested in a fully
integrated DSP for controlling the IM drive system. The experimental results of the developed QLSAF
speed controller are compared with the simulation results under different performance conditions. Several
experimental results show that there are good agreement of the controller parameters, SVPWM signals,
and different types of speed responses and stator currents with the simulation results, which are verified
and validated the performance of the proposed QLSAF speed controller. Also, the proposed QLSAF speed
controller outperforms other studies with settling time in simulation and in experimental implementation,
which validates the controller performance as well.
INDEX TERMS Optimization, quantum lightning search algorithm, fuzzy speed controller, IM drive,
SVPWM, DSP, validation.
I. INTRODUCTION
Induction motors (IMs) have been widely used in numerous
applications due to its simple structure, low cost, robustness,
and a high degree of reliability [1]. The IM drive is config-
ured with power electronic switches which controller can be
integrated in DSP, microcontrollers and FPGA [2]–[5]. The
performance of the IM drive depends on the type of control
strategies used either in scalar or vector to control speed,
voltage, current, flux and torque, respectively [6].
During the years, conventional controllers such as PI, PD
and PID have been used to control IM drives. However, these
controllers have some limitations such as trial-and-error, pro-
cess upset, needs calculation operations, and mathematical
models [7]–[9]. The fuzzy logic controller (FLC) has been
used in scalar and vectors control to control the IM drive
with sudden changes of speed and load. This is because FLC
does not require a mathematical model and it is capable of
handling linear and non-linear systems and generates human
logic linguistic rules [10], [11]. However, the performance
of FLC depends on its input and output membership func-
tions (MFs), selection of theMFs and fuzzy operational rules.
These input and output variables are typically computed by
heuristic procedures, which are time-consuming [12].
Different types of pulse width modulation techniques
such as sinusoidal PWM (SPWM), hysteresis band PWM
(HBPWM), and random pulse width modulation (RPWM)
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are generally used to control the switches of the voltage
source inverters (VSIs) to regulate the output voltage and
frequency of IM drives [13]. However, in some cases, high
computational time, harmonic distortion and switching loss
may give problems in IM drive control. To address the above
problems, space vector pulse width modulation (SVPWM)
switching technique is typically used for minimising switch-
ing loss and harmonic output signals produced by the
inverter [14], [15]. In general, the SVPWM requires complex
online computation, which may hinder its real-time imple-
mentation. This shortcoming is addressed with an artificial
neural network-based SVPWM and an adaptive neural fuzzy
inference system (ANFIS) based SVPWM [16], [17]. How-
ever, the above mentioned methods require voluminous data
and long periods for training and learning the linear and
non-linear functions. Thus, an advanced optimal computing
method is emerging for controlling the inverter switching
signals.
Many researchers have used heuristic optimisation tech-
niques for improving and tuning the control parameters to
solve numerous problems and to achieve high performance
and efficiency of the IMdrives [18]. However, not all heuristic
optimisation techniques and their variants provide superior
solutions to some specific problems; hence the need for a
new heuristic optimisation technique for IM controller is
interesting. In hardware implementation, the IM drives are
using dSPACE, FPGA, and DSP controllers. The dSPACE
and FPGA are rather expensive to implement, and are not
applicable for standalone operation [2], [19]. However, DSP
is used in many applications because of its fast computa-
tional, low power consumption, calculation power and higher
density in comparison with other processors.
To overcome the above mentioned problems with con-
troller, optimization and switching signals, a QLSAF speed
controller based SVPWM inverter is developed in this paper.
The efficacy of the proposed QLSAF speed controller for IM
drive is verified by both simulation and experimental results
at different operating conditions and also compared with the
existing works.
II. QLSA BASED FUZZY SPEED CONTROLLER
The fuzzy speed controller is used in linear and non-linear
control systems due to its performance and also it does not
require mathematical model. The controller performance can
be further improved by optimizing the control parameters
using optimisation techniques. In this research, a quantum
wave behaved lightning search algorithm (QLSA) optimiza-
tion technique is used in a fuzzy speed controller to find
the best input and out membership functions (MFs) for the
controller. Details of the QLSA and QLSA based fuzzy speed
controller (QLSAF) are explained in the following.
A. QUANTUM LIGHTNING SEARCH ALGORITHM
The concept of QLSA involves in developing a new searching
position to obtain the best position for step leaders in a pop-
ulation. In this algorithm, the attraction and the convergence
of each step leader is achieved with a global minimum and
searches the best position by relying on the stochastic attrac-











for i = 1, 2, . . . ,N , j = 1, 2, . . . ,D, and t = 1, 2, . . . ,T ,
where N is the population size, D is the problem dimension,
and T is the maximum number of iterations, respectively;
for the jthdimension of step leaders, a, b, and c are the
three uniformly distributed random numbers on the range
of (0,1);Ptij,best is the best step leader for each population;
Gsl tij is the best global step leaders used to obtain the mini-
mum value of the evaluation of the best step leaders, and SF is
scale factor.
In this concept, the quantum behaviour is exhibited
in each step leader within its quantum state formulated
by a wave function (ψw) , which moves between points,
Ptij,best and Gsl
t
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The wave function is calculated within the standard devia-
tion of step leaders based on an exponential distribution. The
standard deviation (L tij) of each step leader is calculated as
L tij = 2β
∣∣∣Mbest tj − Ptij∣∣∣ (3)
where β is the expansion coefficient, Ptij represents the per-
sonal best position of the step leader i and Mbest tj is the


































The expansion coefficient works on the initial and final
expansion contractions to control the convergence speed of
the algorithms as follows:
β = β0 + (T − t) .(β1 − β0)/T (5)
where β0 is the initial value of the contraction expansion, β1 is
the final value of the contraction expansion, t presents the
current iteration number, and T is the maximum number of
iterations.
In each iteration, the distance between step leaders and
Mbest tj directs the new position distribution. Thus, the new




∣∣∣Mbest tj − Ptij∣∣∣ ln (1/uij) (6)
The proposed QLSA optimisation method is validated
using 14 benchmark functions as employed by several
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researchers [20], [21]. In general, the algorithms are tested
and validated through functional characteristics such as
modality, separability and dimensionality. In this research,
14 benchmark functions of modality and separability are
classified into unimodal and separable, unimodal and non-
separable, multimodal and separable, and multimodal and
non-separable, respectively. All these benchmark functions
are used to determine the best solution for the best global min-
imum, and to observe the algorithm performance consistency.
However, there are some problems due to the non-separable,
low and high dimensional functions.
B. QLSA BASED FUZZY STRUCTURE
The QLSA based fuzzy speed controller is structured with
three vital elements, namely, input information, objective
function, and optimisation limitations [22]. Each element is
working for classification and improvement to obtain optimal
fuzzy membership functions (MFs). The QLSAF searches
space to obtain a best solution by minimising the objective
function. However, the input information and the selection of
the optimization limitations (constraints) in each generation
of the iterative process are manipulated. In this research,
the QLSAF controller has been trained, tested and validated
for all kinds of sudden changes of operation which occurs in
IM such as change in speed and load.
The input data for the QLSAF controller is the number
of boundary values for the input and output fuzzy MFs. The
numerical values of the MFs boundaries for error and change
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 (7)
where D represents the input information to optimisation
technique; for i = 1, 2, . . . . . . ,P, j = 1, 2, . . . . . . ,N , where
P is the population size, N is the problem dimension and X is
the variable of MFs. Accordingly, Fig. 1 presents 21 problem
dimensions that include 7 MFs for error, change of error, and
the output in which 30 populations are used to obtain the best
solutions.
The objective function searches for the best value of
the controller output to increase system stability. In gen-
eral, the type of errors in the IM speed drive is uniformly
distributed, so the mean absolute error (MAE) is an appro-
priate objective function to obtain the optimal values of the






∣∣ω∗rm − ωrm∣∣ (8)
where l represents the sample numbers, ω∗rm is the reference
rotor speed, and ωrm is the rotor speed responsible for motor
operation.
FIGURE 1. Membership functions for (a) error, (b) change of error, and
(c) output.
In the QLSAF optimisation technique, all the constraints
are implemented to avoid the overlapping between the MFs
boundaries. For example, in Fig. 1, the variable X2ij should not
cross the two variables X1ij and X
3
ij to avoid the overlapping
that may occur in MFs. The solution of this problem is






The main objective of the QLSAF speed controller is
to determine the best values of the MF parameters. The
controller calculates the step leaders, the initial population,
contraction expansion coefficient, mean best position for each
projectile to find the best search space for population and the
best projectile through the update step leaders.
C. SPACE VECTOR PWM INVERTER
The SVPWM is one of the best switching techniques because
of its capability to minimise the harmonic distortion for
variable frequency drives [24], [25]. In general, 6-pulse
inverter can form eight switch variables as non-zero vec-
tors (V1,V2 . . . . . . ,V6), and zero vectors (V0,V7) to repre-
sent voltage vectors, switching vectors, output line to neutral
voltages, and output line to line voltages as shown in Table 1.
The working principle of the SVPWM divides the output
wave of the inverter into six sectors in a hexagon shape. Each
sector lies between two voltage space vectors while the sector
angle is 60 degree apart as shown in Fig. 2 [16].
The SVPWM technique receives a three-phase voltage
(Va,Vb, and Vc) separated by 120 degrees between two
phases and converts it into two phases (Vα and Vβ ) with
an angle difference of 90 degrees using Clark’s transfor-
mation. Detail of the SVPWM reference vector, angle,
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TABLE 1. Switching pattern of voltage space vectors with phase and line
voltages.
FIGURE 2. Space vector diagram used for space vector modulation.
modulation index and switching time durations are explained
in [16], [24]–[27].
D. ALGORITHMIC FLOW OF THE QLSAF
SPEED CONTROLLER
The QLSAF has the fast convergence for solution compared
with the other conventional optimisation techniques because
it is inspired by natural phenomenon of lightning. However,
it has some limitations such as easily trap in local minima,
and need the best search for the new position of step leader.
The main objective of the QLSAF speed controller is to
find the best values of the MFs parameters. The parameters
used in these algorithms are the number of iterations (T)
is 200, and the population size (P) is 30. The QLSAF opti-
misation technique is applied to improve the fuzzy speed
controller and implement into IM drive system. Detail of the
operational flow of QLSAF speed controller is explained in
section II A and II B as shown in Fig. 3.
III. SIMULATION MODEL
A detailed definition of the parameters is needed to develop a
mathematical model for the IM drive in which some param-
eters are measured and some are obtained from the IM
datasheet [28]. In this study, the simulation model includes
a QLSAF speed controller, V/f control, SVPWM switch-
ing technique, an inverter and an IM, respectively. The
v/f control controls the optimal speed of the QLSAF
controller and generates amplitude of the stator voltage and
operating frequency towards generating the Valpha and Vbeta
for the SVPWM input. The SVPWM generates switching
FIGURE 3. Proposed QLSA-based optimum fuzzy speed controller design
procedure.
FIGURE 4. QLSAF speed controller based SVPWM inverter.
signals by comparing the duty ratio (Ta, Tb, Tc) with the
triangular signal for the inverter gate drive to deliver AC
voltages to the IM. A block diagram of the QLSAF based
SVPWM inverter for IM is shown in Fig. 4.
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TABLE 2. Parameters of the induction motor.
FIGURE 5. Experimental setup of MATLAB linked QLSAF speed controlled
SVPWM inverter for IM drive prototype implementation.
IV. EXPERIMENTAL SETUP
In this paper, a standard 4-pole, 1.0 HP, 50 Hz, and
415 V IM is used. The parameters of the IM are shown
in Table 2. A three-phase inverter is used to drive the
IM with the switching frequency of 20 kHz and a dead
time 5µs. The QLSAF speed controller is implemented using
DSP-TM320F28335 controller and received the actual rotor
position by an enhanced-quadrature encoder pulse (eQEP).
The function of the controller is to allow the real time speed
to track the reference speed.
A block diagram of the MATLAB linked QLSAF speed
controlled SVPWM inverter setup for the IM drive pro-
totype implementation is shown in Fig. 5. The proposed
QLSAF speed controller in the MATLAB/Simulink auto-
matically generates the C-code interfaced by the CCS
development environment to build the code for the
DSP-TMS320F28335 chip to be used for generating the
proper switching for the IGBTs. The real rotor speed of
the IM is measured by a rotary encoder and the DSP is con-
nected through eQEP. The DSP generates SVPWM signals
through the gate pulse generator and then passes them to the
gate drives of the IGBTs in the inverter to supply the power
needed for the IM drive.
V. SIMULATION AND EXPERIMENTAL RESULTS
A comparative analysis is performed between the results
obtained from the simulations and experiments to justify the
efficiency of the developed control system. The compared
waveforms are the speed controller signals, SVPWM duty
ratio, PWMs inverter signals, and the speed response with
three-phase stator currents, respectively. Moreover, a detailed
comparison is conducted between the existing IM controller
and the developed controller.
FIGURE 6. Speed error signals (a) simulation and (b) experiment.
FIGURE 7. Speed controller signals (a) simulation and (b) experiment.
A. COMPARISON BETWEEN CONTROL PARAMETERS
Fig. 6 to Fig. 9 show comparison between the simulated and
experimental controller parameter signals at the full speed
case for the IM drive. Fig. 6 shows the simulation and experi-
mental signals for error of rotor speed while the Fig. 7 shows
the simulation and experimental signals for the rotor speed
of the controller signal. It is noted that the speed controller
signals obtained from simulation and experiment are matched
each other.
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FIGURE 8. Alpha and beta voltages for (a) Vα , (b) Vβ for the simulation
(c) Vα , and (d) Vβ for the experiment.
Fig. 8 shows the simulation and experimental signals for
Vα and Vβ , respectively, which are supplied to SVPWM
to generate switching pulses for the inverter switching.
Fig. 9 shows the simulation and experimental signals for the
duty ratio of only Ta which is the output of the SVPWM
switching techniques. Similarly, the duty ratio of Tb and Tc
are also perfectly matched with simulation and experiment
results. In all cases, the simulation signals are ideallymatched
with the experimental signals; thereby justifying the perfor-
mance of the developed controller.
B. COMPARISON BETWEEN SPEED RESPONSE AND
STATOR CURRENTS
A comparison between the speed response and three-phase
stator currents waveforms at full speed of the 1 HP motor
are obtained from the simulation and experiment as shown
in Fig. 10. Fig. 10 (a) shows the simulation results for the
speed response and three-phase stator currents. Fig. 10 (b)
shows the oscilloscope image of the experimental result
for the speed response and the three-phase stator currents
in which 0.01 sec/div is used. Moreover, in Fig. 10 (b),
the first, second and third channels of the oscilloscope
FIGURE 9. Duty ratio of the SVPWM technique for (a) Ta for the
simulation and (b) Ta for the experiment.
FIGURE 10. Full speed response with the three-phase stator currents:
(a) simulation and (b) experiment.
represent the stator current for a, b and c-phase, respec-
tively, with 200 mA/Div. The fourth channel represents the
speed response with 50 mV/div. It is noticed that the speed
response and three-phase stator currents waveforms have
a good matching between the simulation and experimental
results in terms of speed, frequency and peak current magni-
tude, respectively.
C. COMPARISON OF STEP SPEED RESPONSE
AND STATOR CURRENTS
The performance of the motor drive during a step response of
the speed is determined under constant load (3.2 Nm) and the
no-load condition with the speed variable for a short duration.
In Fig. 11(a), the simulation results of the speed response is
changed at 0.3 sec from speed 74 to 147 rad/sec and again
VOLUME 6, 2018 1219
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FIGURE 11. Step speed responses and stator currents for IM changes
from 74 to 147 rad/sec (a) simulation with no load (d) simulation with
3.2 Nm (c) experimental with no load (d) experimental with 3.2 Nm load.
changed to 74 rad/sec at 0.6 sec at no load condition in which
peak stator currents are changed from 0.9 A with 25 Hz to
1 A with 50 Hz. Fig. 11(b) shows a similar speed response of
Fig. 11(a). However, the stator current is changed from 2.0 A
to 2.2 A upon applying 3.2 Nm load condition.
The experimental results of the step speed responses for
motor drive under different speeds and load conditions are
investigating using the QLSAF speed controller as shown
in Fig 11(c) and Fig. 11 (d), respectively. Fig. 11(c) indicates
that the speed response of the IM changes at 3 sec from a
speed of 74 to 147 rad/sec. The speed returns to 74 rad/sec
with no overshoot at 6 sec at the no load condition. By then,
the peak stator currents change from 0.9 A with 25 Hz to 1 A
with 50 Hz. Fig. 11(d) shows a similar speed response with
that shown in Fig. 11 (c). However, the peak stator currents
increase from 2.1 A to 2.2 A because of the 3.2 Nm loading.
It is worth to mention that the change of speed response and
stator currents in both simulation and experimental results are
well matched.
FIGURE 12. Ramp speed responses and stator currents for IM changes
from 74 to 147 rad/sec (a) simulation with no load (b) with 3.2 Nm load
(c) experimental with no load (d) with 3.2 Nm load.
D. COMPARISON OF RAMP SPEED RESPONSE AND
STATOR CURRENTS
The aim of this validation is to identify the ability of the pro-
posed controller to apply a sudden ramp change in the speed
under different load conditions using the QLSAF controller.
In Fig. 12(a), the ramp speed response is changed at 0.2 sec
from the speed of 147 to 74 rad/sec and continued with the
same repeating under no load condition in which the stator
current is changed gradually with its frequency. Fig. 12(b)
shows a similar ramp speed response of Fig. 12(a). However,
stator current is increased at 3.2 Nm load condition.
The ramp tests were conducted experimentally using the
proposed QLSAF speed controller for IM drive. The aim
of this test is to validate the ability of the proposed speed
controller by applying a sudden ramp change under different
load conditions. In Fig. 12(c), the ramp speed response is
changed at 2 sec from the speed of 147 to 74 rad/sec and
continued with the same operation under no load condition in
which stator current is changed gradually with it frequency.
Fig. 12(d) shows a similar ramp speed response of Fig. 12(c).
However, the stator current is increased at 3.2 Nm load
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FIGURE 13. Comparison of the simulation settling time of proposed
optimal control systems with previous works.
FIGURE 14. Comparison of experimental settling time of the proposed
control system with previous works.
condition. The obtained results from the prototype implemen-
tation are similar with the simulation results, however in scale
time of 1 sec/div.
VI. COMPARATIVE VALIDATION WITH THE
EXISTING METHODS
The developed control system for IM is compared with other
state-of-the-art control techniques. A total of nineteen reliable
studies, similar to the current research in terms of adopted
controller technique and system are considered in this com-
parison [1], [2], [5], [6], [7], [8], [11], [13], [29]–[39]. For
example, Ramesh et al. [36] developed a fuzzy logic control
based speed estimator for the IM drive. The settling time is
one of the most important parameters in justifying the con-
troller performance. Fig. 13 and Fig. 14 show comparison of
the settling time between the existing and proposed controller
both in simulations and experiments, respectively. The pro-
posed control system for the IM outperforms the techniques
of the other studies with a settling time of 0.048 sec in the sim-
ulation as shown in Fig. 13. However, the proposed control
system settling time in the experimental implementation is
0.5 sec, which is the best among all the other existing systems
as shown in Fig. 14.
VII. CONCLUSIONS
A novel QLSA optimisation based fuzzy speed controller
(QLSAF) is presented to solve constrained optimisation prob-
lems of the IM drive systems. In this controller, the scalar
control is optimised for the input and output MFs of the fuzzy
speed controller by minimising the MAE objective function
and the error of the speed response. To evaluate the efficiency
and reliability of the QLSAF, 14 benchmark functions are
tested with various characteristics in evaluating the optimiza-
tion algorithm. The real-timemodel for the optimisedQLSAF
speed controller is developed in the MATLAB/SIMULINK
environment to generate the SVPWM switching signals
for the inverter gate drive. Thereafter, the developed con-
troller is implemented in hardware by using DSP controller
board TMS320F28335 for a prototype IM drive system. The
developed control system model is compiled, converted into
C-code using CCS and automatically linked to the real-time
TMS320F28335 processor control board. The simulation and
experimental results on the control signals such as error and
change of error of the rotor speed, α-β voltages, duty ratio
of the SVPWM switching signals, different types of speed
responses and stator currents are compared for validation
and verification. It is found that the control signals of the
simulation and the experiment are well matched. The settling
times of the proposed QLSAF controller outperforms the
other studies. Thus, the proposed QLSAF controller could be
a potential candidate for real time IM drive systems.
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